The separation and concentration of various ions have received considerable interest in various fields. The separation process using an ion-exchange resin is simple and advantageous for the concentration of trace ions in dilute solutions. Generally, multivalent ions are prior exchanged onto the ion-exchange resin to monovalent ions. Thus, the selective separation of monovalent ions in the presence of multivalent ions is difficult. To improve the ion-exchange selectivity, various modification processes were examined.
The separation and concentration of various ions have received considerable interest in various fields. The separation process using an ion-exchange resin is simple and advantageous for the concentration of trace ions in dilute solutions. Generally, multivalent ions are prior exchanged onto the ion-exchange resin to monovalent ions. Thus, the selective separation of monovalent ions in the presence of multivalent ions is difficult. To improve the ion-exchange selectivity, various modification processes were examined.
Most of these improved a modification of chelate compounds on the anion-exchange resin for the selective collection of the metal cation, [1] [2] [3] and of hydrophilic compounds on the ion exchange resin for selective collection of hydrophilic ions. 4, 5 In a previous paper, 6 the selective collection of monovalent ion on an anion-exchange resin modified with Demol N (the polycondensation product of naphthalene sulfate and formaldehyde, made by Kao Chemicals Co., Ltd., Tokyo, Japan), anionic polyelectrolyte, was reported.
The ionexchange rate of multivalent anion becomes slower than that of monovalent anions. In this work, the influences of the modified condition and structure of polyelectrolyte on the ion-exchange reaction were examined. The modification layer may be controlled by using polystyrenesulfonic acid, due to the more linear polyelectrolyte structure and variation in the polymerization degree. Furthermore, the modified resin was applied to separate the nitrate ion from the sulfate ion in aqueous solution.
Experimental

Apparatus
A sample solution was analyzed by ion chromatography composed of a pump (L-6000, Hitachi, Tokyo, Japan), a conductivity detector (L-3720, Hitachi) and a column oven with sample injector (L-5020, Hitachi). The separation column was a Showdex IC I-524A (φ4.6 × 100 mm, Showa Denko K. K., Tokyo, Japan). The analytical signals were recorded and processed with a chromato integrator (D-2500, Hitachi).
Reagents
A gel-type anion exchange resin (Amberlite IRA-400, Organo Co., Ltd., Tokyo, Japan) in a chloride form (0.40 -0.53 mm) was used. Polystyrenesulfonic acid, ps-50 and ps-100 (TOSOH Corp., Tokyo, Japan) were used to form a modification layer on the surface of the anion-exchange resin. The polymerization degrees of polystyrenesulfonic acid polymer were 50 and 100, respectively. All other reagents used were of analytical grade.
Modification of anion-exchange resin
The anion-exchange resin was pretreated with a sufficient sodium hydroxide solution (2 mol l -1 ). The pretreated resin was thoroughly washed with water. Ten milliliters of the anionexchange resin in a hydroxide form were introduced into a 200 ml round-bottomed flask, and 100 ml of 20 wt% polystyrenesulfonic acid solution was added. The mixture was stirred for 8 h at 90˚C in a water bath. Then modified resin was filtered and washed sufficiently with water. The modified resin was kept wet.
Ion exchange procedure
Two milliliters of modified resin were introduced into a 300 ml flask, and several washings were made with water. After that, a 100 ml of sample solution was added. This flask was shaken for 40 min at 25˚C. The concentration of anions in an aqueous solution was measured by using ion chromatography. The modified resin was separated and immersed into a 100 ml eluate solution containing a 0.05 mol l -1 sodium perchlorate. The eluate solution was shaken for 60 min at 25˚C. Released anions were also determined by using ion chromatography.
The analytical condition of ion chromatography was as follows. The elutriant was an aqueous solution containing of 0.75 mmol l -1 potassium hydrogen phthalate, 5% (v/v) isopropyl alcohol and 2% (v/v) ethylene glycol. The elutriant was flowed at 1 cm 3 min -1 . The temperature of the column oven was kept at 40˚C. Each 10 µl of the sample solution was injected.
Results and Discussion
The rate of the anion exchange reaction on the modified anion exchange resins with polystyrenesulfonic acid was investigated. Two milliliters of the modified resin were immersed into 100 ml of 1.0 × 10 -3 mol l -1 sodium salt solutions, and shaken at 25˚C. The change of the concentration of ions in the sample solutions with the immersion time was measured by ion chromatography. Using an unmodified resin, similar experiments were also carried out. The results for nitrate and sulfate ions are shown in Fig. 1 . The ion-exchange rate of nitrate was little decreased on this modified resin, but that of sulfate was evidently decreased. It is considered that the decrease in the ion-exchange rate was caused by the electrostatic repulsive force between an exchangeable anion and the modification layer. Thus, this resin can selectively exchange monovalent anions in the presence of multivalent anions.
The changes of the ion exchange rate on the exchangeable anion species were measured. The half times of each ion exchange reaction on the modified and unmodified resins (t*1/2 and t1/2, respectively) are presented in Table 1 . The ratio of the half-exchange reaction times (t*1/2/t1/2) of sulfate and nitrate were 16.9 and 1.02. When the modified resin with Demol N were used, 6 these values were 9.08 and 2.47. These results show that the modification layer consisting of polystyrenesulfonic acid indicates a greater inhibition in the ion exchange of the multivalent anions. In the modification, a greater amount of polyelectrolyte is diffused into micropore of the ion-exchange resins by using the polystyrenesulfonic acid than the use of Demol N. The thickness and/or the electric charge density of the modification layer in the micropore on the ion-exchange resin may be increased. The ion-exchange rate of nitrate became unaltered by the modification with polystyrenesulfonic acid. This difference may be have occurred by a network formation of the modification layer, due to the linear and fine structure of the polystyrenesulfonic acid and the bulk structure of Demol N. Consequently, the selectivity of the ion-exchange reaction of the monovalent anions can be improved using the polystyrenesulfonic acid, due to the increase of the monovalent anion exchange rate and a depression of the multivalent anion exchange.
Furthermore, the t*1/2/t1/2 values of the monovalent anions were increased in the sequence NO3 -< Br -< Cl -. In general, on the common ion exchanger, the anion-exchange rates of the same valency follow the order of the hydrophobicity of the exchangeable anions, due to the hydrophobic atmosphere in the resin. Hofmeister series 7 (Cl -< Br -< NO3 -) is known to be the order of lipophilic affinity between exchangeable anions and resins. On the modified resin, not only the ion-exchange rates, but also the ratio of the half-exchange reaction time agreed with the lipophilic order of anions. Namely, the modification layer enhances the difference of the ion-exchange rate due to the hydrophobic interaction, because of the more hydrophobic atmosphere than the resins. The modified resin is improved in separability based on the hydrophobicity of the exchangeable ions.
The influence of the modification temperature on the ion exchange property was examined. As shown in Fig. 2 , the ionexchange rate decreased with the increase of the modification temperature. When this modification was carried out at a higher temperature, the modified resin indicated a greater depression of the ion exchange. Namely, the separability of the ionic valency was improved along with an increase of the modified temperature. When the ion-exchange resin was immersed into the aqueous solution at 90˚C, the ion-exchange rate and capacity 1100 ANALYTICAL SCIENCES JULY 2004, VOL. 20 were unchanged. Thus, the modified resin was prepared at 90˚C. The influence of the polymerization degree of the polyelectrolyte on the ion-exchange rate was examined. The ion-exchange rates of the modified resin with SP-50 and SP-100 are shown in Fig. 3 . The ion-exchange rate on the modified resin using SP-50 indicated slightly slower value than that using SP-100. Thus, although the ion-exchange rate on the modified resin influenced by the polymerization degree of the polyelectrolyte, this contribution was small. If the difference in the polymerization degree affects the diffusivity, the difference in the ion exchange rate may be valiable by the use of polyelectrolyte having a suitable degree. An evaluation of the availability can not be concluded until further experiments have been conducted.
The modified resin with SP-100 polystyrenesulfonic acid was applied for the separation and concentration of nitrate ion in the presence of sulfate ion. The obtained calibration curve for nitrate ion increased straight up to 3.0 × 10 -3 mol dm -3 by using 2 ml of a modified resin. Therefore, this method can be applied to a pretreatment for the determination of nitrate ion by using ion chromatography. The separation of the nitrate ion was attempted in the presence of various concentrations of sulfate ion. The immersion times of the adsorption and desorption were 60 min. The results are presented in Table 2 . The quantitative recoveries of the nitrate ion were obtained in a sample solution coexisting with 40 times of the sulfate ion. In all cases, the peak of the sulfate ion was sufficiently suppressed in the analysis of ion chromatography compared with the signal of the nitrate ion. Thus, this modified resin can be applied to a pretreatment for the separation from multivalent anions in the determination of monovalent anions by the use of ion chromatography. Table 2 
